2DNAGE analysis of mtDNA RIs: a detailed explanation of 2DNAGE patterns of highly purified human mtDNA isolated from cultured cells In 2DNAGE, all fragments that are not in the process of being replicated will run as any normal dsDNA restriction, on the so-called 1n linear. When probed for a single fragment, the most dominant species will usually be a regular non-replicating restriction fragment situated at the socalled 1n-spot. Secondly, probes for most fragments of mtDNA will show a y-arc containing a subpopulation of molecules where the replication machinery passes through the fragment from one end. In a fragment such as the 3.9 kb HincII fragment, containing the region downstream of O H , bubble arcs are visible, indicative of replication initiation. In addition, partial Y-arcs will form as bubbles reach one end of the fragment before they reach the other end, i.e. the y-arc continues from the point where the bubble leaves the fragment (theoretically, when a single unidirectional, precisely positioned origin is used, the bubble will burst giving arise to a defined single spot on the Y-arc that will continue as double-Y arc). In fragments containing O H additional double-Y structures can be found. These structures are relatively S1 and RNaseH resistant, indicating a double-stranded DNA structure and they most likely represent replication resolution intermediates, where two replication forks moving in opposite orientation meet in the D-loop region. Holliday junctions will also appear at a similar position, but will usually start from the 1n-linear. Finally, double-Y or X shaped-like molecules resulting from replication stalling and fork reversal will also be visible at this region on 2DNAGE. In the case of mtDNA, several unusual species arise from the presence of RNA:DNA hybrid molecules. Since most restriction enzymes can not cut RNA:DNA hybrids or single-stranded DNA that can arise from even minor contamination with RNase H, larger than expected fragments are found. Linear fragments containing one or more protected restriction sites are found as spots on the 1n linear arc, while replication intermediates of larger size accumulate in arcs of higher molecular weight than the resolution intermediates. These intermediates are indicated as RITOLS in Figure 6 (see also Yasukawa et al., 2006). As already indicated, ribonucleotide incorporation makes replication intermediates more susceptible to degrading enzymes that can also result in single-stranded patches on more conventional structures. This is for example demonstrated by the bifurcation of the bubble arc.
Supporting Figure S1
Stalling of mtDNA replication caused by Twinkle or POLG1 mutants is apparent also in other regions of the genome. Purified mtDNA from the various indicated cell-lines was digested o/n with BclI at 37ºC. The Southern blots were probed with an mtDNA probe nt 4,480-4,984 that detects the restriction fragment between nt 3,658-7,657. The results show an accumulation of replication intermediates in cell-lines expressing Twinkle variants K421A, G575D and Δ70-343 as well as in POLG1 D1135A compared to wt Twinkle or POLG1 expressing cells, indicating that in all the tested cell-lines stalling occurs throughout the mitochondrial genome. Note that exposures of either the Twinkle variants or the POLG1 variants are identical as samples were run on the same gels.
Supporting Figure S2
Twinkle K412A and G575D RIs are relatively insensitive to RNase H (RH). A comparison of RH sensitivity of non-induced wt Twinkle cell RIs and K421A and G575D induced cells treated with -/+ 1 U RH for 30 min at 37ºC. While non-induced Twinkle wt cells show strong sensitivity of RIs to RH, K421A and G575D show only a minor general sensitivity.
Supporting Figure S3
A direct comparison of stalling phenotypes. HincII digest of wt Twinkle, Twinkle K421A and G575D and POLG1 D1135A probed with a cytochrome b fragment (nt 14,846-15,357 ) (see Fig. 6 ). All four samples were treated and run in parallel on the same 2DNAGE gels and blotted on the same membrane. The figure demonstrates the near complete absence of RITOLS for Twinkle stalling mutants whereas POLG1 D1135A induced stalling shows abundant RITOLS. Note that due to unintended differences in loading (compare 1n spots) of D1135A, K421A and G575D, the stalling in D1135A looks much stronger compared to K421A and G575D than it is in reality. Also note that due to incomplete removal of protein in the Twinkle wt sample, RITOLS appear less intense then they normally are. A smear of protein associated RITOLS was clearly visible on the top left (indicated by the black oval). Gray ovals indicate the position of RITOLS, (b) indicates bubble arcs, (y') indicates the descending part of the y arc.
Supporting Figure S4
Twinkle multimerization. Glutaraldehyde crosslinking was used to examine the multimerization properties of all Twinkle variants. For this 1 ng Twinkle and Twinkle variants were incubated in 25 mM Tris pH 7.6, 40 mM NaCl, 4.5 mM MgCl2, 100 mM L-Arginine-HCl pH 7.6, 10% glycerol, 1mM DTT for 10 min on ice to allow oligomerization. After addition of 0,05% Glutaraldehyde the reaction was incubated for further 10 min at RT. The crosslinking was stopped by addition of 1 Vol SDS-PAGE sample buffer and heat denaturation. Samples were run on denaturing 3-8% Tris-acetate gels and analysed by Western blot analysis. Lane 1 shows wt Twinkle without (w/o) Glutaraldehyde (GA) crosslinking. All other lanes show crosslinked protein.
Monomeric Twinkle in this and other lanes is indicated with an asterisk where visible. Note that the amount of loaded protein in lane 1 and 2 is identical, suggesting that the monomeric band is not detected efficiently. The results show non-crosslinked, but denatured Twinkle running as a single band of the expected molecular weight. After crosslinking Twinkle, as well as the K421A and G575D, showed multiple forms corresponding in molecular weight with monomer, dimer, trimer, tetramer and higher order forms that were more difficult to assign due to limited resolution of the gel. Twinky was mostly present in its monomeric form although a dimer was clearly visible as well. Δ70-343 showed the most convincing multimerization with the used conditions, with a very abundant species that would agree with the expected size for hexa-and/or heptameric species. Δ346-376 somewhat surprisingly showed an abundant multimeric form that could correspond with a hexa-and/or heptamer. with the HincII fragment and ends just outside the NCR. As DraI only cuts dsDNA, the bubble arc replication intermediated achieved by a HincII digest can only be cut with DraI (at position 16,010) if they are dsDNA. If they are partially single-stranded or contain ribonucleotides they should not be cut on both strands and will be retarded and the next DraI site would be used at nt 2,051. The prediction is, as illustrated in this panel, that most RIs that are essentially dsDNA should be on a conventional Y-arc when a DraI digest is probed for the 16,010-12,271 fragment, whereas RITOLS intermediates should be mostly on a retarded Y-arc. Thus, the results from panels A and B are in agreement with this prediction and fully confirm that stalling RIs induced by Twinkle mutants are mostly dsDNA.
Supporting

Supporting Figure S6
Gel-purified HincII 13,636-1,006 fragment RIs resulting from Twinkle mutant induced stalling can be digested by dsDNA-specific restriction enzymes. MtDNA from Twinkle G575D cells induced for 2d with 3ng/ml was run on a preparative 2DNAGE gel. By overlay with an exposure of a Southern blot run in parallel, the 1n spot, the descending Y and the upper ~30% of the bubble arc were cut out, DNA was eluted by electroelution and precipitated. The resulting fragments were digested with restriction enzymes that can either only cut dsDNA once within the original HincII fragment from 13,636-1,006 (XhoI at 14, 955 and DraI at 16,010) or can cut both ds and ssDNA once within the HincII fragment (AccI at 15,255). Undigested and digested samples were then run on a regular 0,4% agarose gel without ethidium bromide, blotted and probed with a cytochrome b fragment (nt 14,846-15,357) . The results confirm that the purified RIs are almost completely digestible by two commonly used restriction enzymes confirming they are indeed dsDNA. The results also show that the purified replication intermediates are of predicted size of partially replicated dsDNA molecules as illustrated and calculated in the Figure. AccI gave essentially the same results and did not give shorter fragments that are predicted assuming the lagging strand was not synthesized or partially degraded. Single asterisks next to band sizes indicate that these are the predicted sizes based on a single major origin at O H at nt position 191. We speculate that the slightly anomalous size of these bands is caused by ethidium bromide still present in the DNA following the purification from the second-dimension 2DNAGE gel. Double asterisks indicate bands resulting from melting out of more complex RIs. In case of the upper bubble arc, the majority of each fragments appeared as such which could be expected as the bubble-junction is close to the end of the fragment. Nevertheless, especially in the DraI digest a smear is clearly visible (indicated by a thick line on the autoradiograph; a longer exposure is shown on the right) from approximately 4.8 kb down to 3.5 kb. Both the smearing and size is exactly what would be predicted for a digested growing bubble arc (from 16,010 to 13,636). The fact that we here isolated only the upper part of the bubble limits the smear to approximately 3.5 kb. As can be seen in the autoradiograph also some melting occurred for the descending Y fragments. This accounted for less than 25% of the total amount and based on various tests was due in large part to the electroelution as it increased dramatically with longer electroelution times, even though the electroelution was done at +4ºC.
Supporting Figure S7
Recombinant POLG1 is expressed at levels similar to endogenous POLG1. (A) To test whether we would be able to easily detect endogenous POLG1 from 293 cells we prepared a partially purified protein by using the accessory protein POLG2, a known interaction partner to POLG1. For this purpose we used and HA-affinity matrix (EZview™ Red Anti-HA affinity gel, Sigma) to precipitate POLG2.HA from stable 293T cell lines (J.N. Spelbrink, unpublished data) expressing either POLG2.HA alone or POLG2.HA and POLG1.MycHis. as a negative control we performed the same purification step on cells expressing only POLG1.MycHis. The purified samples were run on a 7.5% Laemmli gel, blotted and probed first with an anti-Myc monoclonal antibody (Roche), and subsequently with a anti-POLG1 specific antibody (R-18 sc-5930, Santa Cruz Biotechnology). Results show that endogenous POLG1 could be precipitated by overexpressed POLG2.HA. The equivalent of approximately 3 x 10 6 was loaded indicating that POLG1 should be easily detectable in a mitochondrial lysate of one 10 cm-diameter plate. (B, C) Mitochondrial lysates prepared from the indicated cell lines with the indicated treatments were analysed by Western blot analysis using the anti-POLG1 antibody. Results indicate that at 3ng/ml DC recombinant POLG1 wt or D890N, are expressed at levels similar to the endogenous POLG1.
For better visibility a section of the gel in B has been enlarged. The single asterisk marks the endogenous POLG1, whereas the double asterisks marks POLG1.MycHis. The identitiy of POLG1.MycHis was confirmed by stripping and reprobing with the anti-Myc antibody (not shown). For reference, purified endogenous POLG1 and/or POLG1.MycHis were run alongside the samples shown in B and C. Note that POLG1 in the purified samples appeared slightly retarded compared to POLG1 in the mitochondrial lysates, very likely due to differences in buffer and detergent composition of the samples. Finally as an additional control for the assignment of bands, samples in C were run on duplicate gels and while the first gel was probed only with the anti-POLG1 antibody, the second gel was incubated with antibody and blocking peptide (sc-5930p, Santa Cruz Biotechnology) at 10-fold excess. The assigned bands could no longer be detected except for a still weakly visible purified POLG1 showing they were specifically detected by the antibody. Reprobing with antibody alone again visualized the assigned POLG1 bands.
Supporting Figure S8
Recombinant Twinkle is expressed at moderately increased levels compared to the endogenous protein. As with the existing antibodies endogenous Twinkle cannot be detected in mitochondrial lysates two alternative approaches were used. (A) shows the comparison by Northern blot analysis of the transgene derived mRNA with the endogenous mRNA. For this total RNA from the indicated cell lines and treatments (DC treatment was for 2 days) was isolated using Trizol (Invitrogen). PolyA+ RNA was isolated from total RNA using the Oligotex kit (Qiagen) and run on a 1.2% agarose MOPS-formaldehyde gel. The blotted gel was probed first for Twinkle using a Twinkle cDNA probe (nts 1149-2057 of the cDNA sequence). Following Phosphorimager analysis the blot was reprobed with a reference PCR probe detecting glutamate dehydrogenase (GDH, nts 445-699 of the cDNA sequence). Below the blot images we indicated the amount of transgene derived Twinkle mRNA relative to the endogenous Twinkle mRNA in control 293 FlpIn™ TREx™ cells, after correction for the GDH derived signal. Note that we did not compare Twinkle transgene to the endogenous signal from the same sample in the DC treated Twinkle wt cells because the signal for the endogenous Twinkle was too blurred in these lanes to allow for accurate Phosphor-image analysis. (B) Because Twinkle is able to form multimers we reasoned that if we purified Twinkle.MycHis, endogenous Twinkle should also be pulled down. Talon-pulldown of His-tagged Twinkle from Twinkle wt cells induced with low levels of DC (1 and 3 ng/ml) showed the purification of an additional product by Western blot analysis, that by comparison with overexpressed untagged Twinkle was of the correct size (not shown). This product, in contrast to the upper band was not detected by the anti-Myc antibody, but was recognized by a polyclonal antitwinkle antibody. In addition, with both 1 and 3 ng/ml DC similar amounts co-purified suggesting that this is not a breakdown product. Western blot analyses to detect endogenous Twinkle used a polyclonal antibody kindly provided by Drs. Massimo Zeviani and Valeria Tiranti. Quantification by enhanced chemiluminescence and the Chemidoc gelimaging system and ImageQuant software (BioRad) showed that at 1 ng/ml DC a similar 4-fold overexpression of recombinant Twinkle over 
